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Ignition has been a long sought-after goal needed to make fusion energy a viable alternative
energy source, but has yet to be achieved.! A key step on the way to ignition is to have the
energy generated through fusion reactions in an inertially confined fusion (ICF) plasma ex-
ceed the amount of energy deposited into the deuterium-tritium (DT) fusion fuel and hot-spot
during the implosion process for a fuel gain, G ;,.;, exceeding unity. Using the implosion de-
veloped by our team,>? fusion fuel gains exceeding unity have been achieved on the National
Ignition Facility (NIF) and the results are reported on herein. These experiments on the NIF
show an order of magnitude improvement in yield performance over past shots. We are also
seeing a significant contribution to the yield coming from alpha-particle self-heating and ev-
idence for the ‘“‘bootstrapping” required to accelerate the DT fusion burn-rate to eventually

run-away ignite.

At the NIF, 192 lasers deliver up to 1.8 MJ of light into a gold hohlraum (Fig. 1) that converts



the energy into a nearly Planckian x-ray bath. A fraction of the x-rays are absorbed by a capsule
generating ~ 100 Mbar pressure in the ablator. This ablation pressure, delivered as a series of
weak shocks, accelerates the capsule inwards. Against the inside of the ablator is the DT fuel
shell, that is initially in a cryogenic ice state. When the implosion achieves peak velocity, the fuel
has a kinetic energy that is a fraction of the x-ray energy absorbed by the capsule. As the fuel
stagnates at the center of the implosion, the DT forms a hot-spot from the fuel’s inner surface and
pdV work is done on the hot-spot. The hot-spot initiates the fusion reactions, producing neutrons
and alpha-particles as the hot-spot ion temperature climbs to many keV. At sufficient hot-spot areal
density, (pr)ns > 0.3 g/cm? and ion temperature, T}, > 4 keV, the hot-spot will “ignite” as
alpha-particles redeposit their energy locally. If (pr) sy > 1 g/em? the burn will propagate and a

runaway self-heating process releases energy many times greater than that absorbed by the capsule.

Mix can both degrade the ability of an ICF implosion to compress the DT fuel and can also
cause undesirable cooling as high-Z materials in the DT hot-spot will rapidly radiate away energy
in the form of bremsstrahlung emission, the power of emission scaling as ~ Z?2 (Z being the atomic

number). Among many motivations, the high-foot implosion®?

was developed in the wake of the
National Ignition Campaign (NIC)*> to primarily address the possibility that ablation front driven

instability®’ was responsible for part of the observed degraded yield performance' and ablator-fuel

mix inferred from x-ray emissions in combination with primary neutron yield.°

The high-foot implosion is designed to reduced ablation-front instability growth and thereby

inhibit CH ablator from mixing into and contaminating the DT hot-spot. The laser pulse-shape



is designed to obtain a relatively high hohlraum radiation temperature (7;.,4 ~ 90 — 100 eV)
during the “foot” of the pulse (see Fig. 1) and launches 3 shocks. In contrast, the NIC implosion
pulse-shape drives a lower radiation temperature (7;.,4 ~ 60 eV) in the foot (hence “low-foot™)
for a longer time duration and launches 4 shocks. The essential stability benefits of the high-foot
scheme can be understood from examining an expression for the linear growth-rate of ablation

driven Rayleigh-Taylor (RT) instability!'
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where k is the perturbation wavenumber, g is the ablator acceleration, L, is the density gradient
scale-length of the ablation front, v, is the ablation velocity, and a, and (3, are parameters of order
unity whose exact values depend upon a heat conduction scale-length parameter, v, and the Froude

number, Fr = v2/(gL,). The key stabilizing effects of the high-foot drive enter through the
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higher ablation velocity which scales as 7)./,

increasing the fS>kv, ablative stabilization term of
Eq. (1) and through an increase in L, which reduces the 1/kg unstable RT drive term. The increase
in L, is primarily due to a stronger 1°* shock which increases the adiabat of the implosion and
prevents the ablator from becoming so highly compressed (risking break-up) during the implosion.
The enhanced stability can be further understood by comparing the in-flight-aspect ratio’s (IFAR),
R /AR, where R, is the ablator inner radius and AR is the ablator thickness: for the high-foot
implosion the IFAR is roughly half of that of the low-foot implosion — the amplitude of instability
growth is directly related to the exponent of \/RM/TR /2.'! The trade-off made to obtain the

improved stability of the high-foot is that the DT fuel adiabat, « = P/Pr (usually denoted as «,

but denoted here as a to avoid confusion with as above or a-particles; P is pressure and Py is



the Fermi pressure — also note an alternate definition of adiabat using P, is sometimes used'?),
is higher, making the fuel less compressible for a given amount of absorbed energy. Details on
the stability benefits, other theoretical motivations, and trade-offs for the high-foot, and the initial
results from the first set of five DT implosion experiments are described in a two companion

letters>3.

DT implosions, N130927 and N131119 (NIF shot number in year-month-day format YYM-
MDD) built upon the previous high-foot shot, N130812,> by modestly increasing the NIF laser
power/energy (Table I) and by redistributing energy between different laser beams, through laser
light wavelength changes that affect the cross-beam-transfer (the transfer of power from one beam
to another via induced Brillouin scattering), to optimize the illumination pattern in the hohlraum.!3-1¢
While some simulation capability exists'’ to predict the hot-spot shape changes that result from
these wavelength changes, in practice the precise wavelengths needed to tune in the desired (i.e.
round) shape are found empirically. For N130927, the choice of \o35 — A3g = 0.7A between the
23.5° and 30.0° inner cone beams was chosen for azimuthal symmetry control with AXss 5 outer =
9.2 A and ANsg_puter = 8.5 A used for equatorial symmetry control (see Fig. 1 for beam angles).
For N131119, AXos 5 ourer = 9.5 A and Adzg_ourer = 8.8 A . These wavelength choices were
critical for keeping the hot-spot shape in-check as the implosion was pushed to higher velocities
as previous experiments had already shown the tendency towards oblate toroidal hot-spots when
laser power was increased®. There are limits to the amount of control that can be exerted over the

hot-spot shape just through wavelength changes alone and that physical changes to the hohlraum

may also be required in future experiments to maintain an acceptable hot-spot (and fuel) shape to



achieve the desired results.

We used a gold hohlraum of 5.75 mm diameter and 9.425 mm length as was typical of most
high-foot cryogenic DT implosion experiments (see Fig. 1). The same hohlraum geometry was
used during the NIC for most of the low-foot shots. As is typical for the high-foot series, the
hohlraum is filled with helium gas of 1.6 mg/cc density (as compared to 0.96 mg/cc for the NIC)
the purpose of which is to restrict and delay gold plasma from blowing in from the inside wall of
the hohlraum which can otherwise impede laser beam propagation. The CH plastic capsule at the
center of the hohlraum for N130927 (N131119) had a 1.1315 (1.1241) mm outer shell radius and
0.9365 (0.9303) mm inner shell radius (see Fig. 1). Layered on the inner surface of the capsule
shell for N130927 (N131119) was 71.4 (69.3) um of cryogenic DT ice that was held at 0.8 K
below the triple-point for a shot temperature of 18.6 K, like all high-foot DT shots—a so-called
mini-quench condition that generally produces an ice layer with fewer ice cracks than that of a full
quench.!® Characterization of the capsule surface showed roughness typical of implosion capsules
for NIF while characterization of the DT ice showed roughness well within requirements. The very
high quality of the DT ice layer on N130927 was likely not a significant factor in its performance
since the third highest performing shot on NIF (N130812) had an ice layer that was somewhat
worse than average. The DT layer quality for N131119 was in between the quality of the layers of

N130812 and N130927.

Table I shows the key measurements and performance metrics for NIF shots N130927 and

N131119. Key measured quantities are neutron yield, Yj3 15, in the 13-15 MeV energy band



around the characteristic 14.1 MeV DT fusion neutron energy, burn averaged ion-temperature
(T;on), neutron and x-ray burn-widths (7,, and 7,), down-scatter-ratio (DSR), and the time of
peak neutron brightness (“bang-time”, ¢;). On the NIF, Yi3 ;5 is an average of many diagnos-
tics including four neutron time-of-flight (NToF) detectors'®, numerous radiochemical activation
measurements®’, and a magnetic recoil spectrometer (MRS) 2!. T},,, is directly related to the tem-
poral spread obtained from the full-width-half-max (FWHM) of the NToF detectors. A temporal
gamma ray history gives 7,, (for the high-foot experiments 7, and 7,, are consistent to within error
bars). The DSR comes from measuring, via NToF and MRS, the number of neutrons scattered
into the energy range 10-12 MeV and is directly related to the areal density of the cold DT fuel,
(pr) fuet = 20.3 - f - DSR (where f depends upon the amount of ablator mass remaining but is
typically 0.95 % 0.05.21-22 Other diagnostics such as x-ray imaging and neutron imaging (Fig. 2)

give information on the shape of the implosion.

In what follows, we will use the aforementioned observables that are measured over the du-
ration of the fusion burn to infer the amount of energy that was deposited into the DT (both fuel
and hot-spot) in order to compare to the amount of energy generated from fusion. The details of
the analysis will focus upon N130927, while the numbers for N131119, that exceeded the per-
formance of N130927, are just quoted in Table I. The analysis outlined in this letter follows an
essentially 1D onion-skin picture with a uniform density and temperature hot-spot surrounded by
the fuel (with Gaussian or uniform density profile in radius), albeit the observed 3D hot-spot shape
information is used to obtain the hot-spot volume. Also an assumption of equal ion and electron

temperatures, 7;,, ~ 1T, is made and can be justified post hoc using an expression for the electron-



ion collision time after the hot-spot density is obtained. Results from analysis and simulation with

less simplified assumptions are also quoted in Table I for comparison to what is detailed below.

Analyzing the observed hot-spot shape (Fig. 2) in terms of Legendre modes (equatorial view,
lines 6-9 of Table I) and Fourier modes (polar view), where the hot-spot perimeter, as defined by

the 17% of peak brightness contour, is given by

> (P
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one can obtain the hot-spot volume V5 (see Methods section) and effective spherical radius r,s =
[3Vis/(4m)]0/3). (Note that there is no absolute reference for the x-ray or neutron images so
mode ¢ = 1 is not included in the shape description, however / = 1 and m = 1 motions can
be obtained from the NToF detectors). The total neutron yield, Y., can be calculated from
Yiotar = Yi3-15 - exp(4 - DSR) which accounts for the neutrons produced but then scattered by
the cold and dense DT fuel out of the measured 13-15 MeV energy band. Since for DT fusion
reactions the energy per fusion is known (14.1 MeV per neutron and 3.5 MeV per alpha-particle),

Efusion, the total fusion energy produced, can be calculated from Y.

From the measured T}, the DT reaction-rate per unit volume, (ov), can be calculated with
standard formulae® (see Methods section). For N130927, (ov) = 4.75 x 10718 - 1.03 x 10~7
cm?®/s The range of values is driven by the differences in T},, coming from DT vs. DD NToF
interpretation. The reported 7;,, values are actually averages over several detectors. The observed
spread in the individual detector 7}, interpretations indicates some motional broadening contribu-
tion, which suggests that the lower temperature is more representative of the thermal temperature.
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Throughout this letter, the uncertainty ranges given for values for all quoted quantities are driven

by the uncertainty in 7;,,,.

For a 50-50 DT mix then the fusion power density is épy = 7.04 X 1073n?*(ov) in J/(cm?-
s), where n is the yet unknown number density of the fusing region. With Ey,gion, Vis, and 7, the

hot-spot number density can be calculated

Efusion
= ) 3
" \/7.04 X 1053 {50) Vs T ©)

For N130927, n = 8.1 x 10* - 1.2 x 10%® cm~? a value that also then provides the hot-spot mass
density (assuming a pure DT hot-spot, average atomic number A = 2.5 for DT), pp, = 34 - 50

g/ce, hot-spot mass, mps = ppsVhs = 6.4 - 9.4 pg, and areal density, (pr),s found in Table 1.

A number of quantities describing the implosion energetics now straightforwardly follow.
The hot-spot pressure can be obtained from P,y = (Z + 1)pnsTion/A (Z = 1 for DT) to find
Prs = 126 - 152 Gbar. The hot-spot energy is then Ej, = %PhSVhS (Table I). The fraction, f,, of

alpha-particle energy deposited into the hot-spot can be calculated from a classic formula®*

1 1
fa=1- + “
4[(prns/pAal — 160[(pr)ns/pAal?
where the a-particle stopping range can be found from?’
0.02572/4
pA (5)

“ 14 0.008217"
in cm, g, keV units. For N130927, f, = 0.68 - 0.82. The energy deposited in the hot-spot by

alpha-particles is £y = foFtusion /5 recalling that 1/5 of the DT fusion energy is emitted in the



form of a-particles (the remaining a-particle energy is deposited into the cold fuel). Note that,
using the values found in Table I, E,/E}s ~ 0.56. These energies fully describe the hot-spot, but
part of the implosion energy was used to compress the remaining cold DT fuel so we must examine

the fuel in order to get a full picture of the implosion energy balance.

Since the DT hot-spot is formed by ablating the inner surface of the cold DT fuel as electron
conduction transports heat from the forming hot-spot into the fuel, we can calculate the amount of
DT fuel remaining after the hot-spot has formed knowing the initial amount of DT ice layered onto
the inside of the capsule, my = 186 ug (for N130927), s0 mtye = mo — mps = 176 - 179 pg.
The cold DT fuel mass forms a shell surrounding the hot-spot with volume Vi, = %(ri’ut — 73,
where 7, is the unknown outer fuel radius. Since My, = 47 [ p fueﬂ"2d7’ and the measured DS R

provides a way to obtain the fuel density, p sy, from (pr) fuer = [ pruerdr, assuming a fuel profile,

we can solve for both the fuel layer thickness, r,,: — 145, and density ps,e; (see Methods section)

M fuel 2
out — Ths = 20 = - — Ths 6
Tout — Th o \/QW(PT)fuel The = Th 6)

with a Gaussian density profile, p(r) = (pr) fue exp|—(r — 10)?/(20?)]/(V/270), 1o being the
radius of peak fuel density. For N130927, ry,; — rps = 14.7 - 15.3 pum, pue = 385 - 402 glcce,
Vivel = (3.0 - 3.2) x 10° ym?®. The fuel outer radius from these arguments, 7,,; = 50.8 pm
(at 50% puer), 1s close to that obtained directly from the down-scattered neutron image (Fig. 2),
where PO = 55.4 um (at 17% max. intensity). By this time of peak compression the DT fuel
density has increased a factor of > 1500x. The fuel density is not required for calculating the
fuel energy, but it can be used to estimate the adiabat of the fuel (at bang-time) assuming that
the cold fuel and hot-spot are isobaric (Pf,e; ~ Pjs) in which case we find a = Ppyei/ Prermi &

9



P/(0.0021 p?{fel) = 2.9 — 3.3 for N130927 — the fuel adiabat in-flight is lower than this range of

values. The fuel density is also needed to calculate the x-ray losses through the fuel.

As the hot-spot is compressed to high temperatures, the primary energy loss mechanism is
Bremsstrahlung x-ray emission since the DT hot-spot is optically thin to these x-rays. Expressions
for Bremsstrahlung energy loss can be obtained from many physics texts?® and calculated (in cm,
keV, s units)

Eprems(kJ) = 534 x 107302 \/T.Vyo7,. 7

For N130927, Eyrems = 2.3 - 4.5 kJ the low end of which is nearly equivalent to the alpha-particle
energy deposited. To examine whether or not these x-rays can escape the dense cold fuel, we can
calculate the optical depth of the cold DT fuel from 7¢ue; = pfueiipr(Tout — 7hs) Using a simple DT
opacity model, kpr (g/cm?) = 0.352p e (hv) 33[1 —exp(—hv/T,)] to find that for x-ray energies
hv ~ T, ~ T, the DT fuel layer is almost one optical depth, 7, = 0.32 — 0.66, so some
Bremsstrahlung x-rays deposit energy into the cold fuel while some escape. Electron conduction
does not play a significant role in the total DT energy loss from the cold fuel at stagnation, but is

important for the hot-spot energy loss.

The cold fuel energy at stagnation now follows from the isobaric assumption, Ef,e =
nguelvfuel = 6.9 - 7.8 kJ (here we’ve over-estimated the fuel internal energy since typically
the outer edge of the fuel has not fully stagnated even at bang-time). The total energy delivered to

the DT by the implosion is then (see Table I)

1 1
EDT,total = Ehs + Efuel + ie_Tqul EBrems - §Eoc- (8)
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The factor of % on the radiation term and alpha-particle energy deposition accounts for having
only half the energy emitted or deposited at peak burn. This total DT energy was calculated with
quantities measured around bang-time, but this energy represents the kinetic plus internal energy in
the fuel at peak velocity in the implosion. A cross-check of Epr sotq 1S provided from calculating
the fuel kinetic energy, K, using a direct measurement of implosion velocity from an earlier high-
foot “I1DConA” shot N130409 (at 350 TW and 1.3 MJ of laser power and energy), where the
peak ablator center-of-mass velocity was measured to be 267 £ 15 km/s being equivalent to a fuel
velocity of 297 & 15 km/s (the fuel being at smaller radius and convergence make velocity larger).
Scaling the N130409 derived velocity to the laser power of N130927 (v, ~ Pil) gives a fuel
velocity of vy, = 311 £ 15 km/s, so K = %movfcuel = 9.0 & 0.9 kJ. The difference between K

and Eprotq 18 the internal energy in the fuel at peak velocity plus additional pdV" work done by

the ablator on the fuel during the deceleration.

The total fuel energy gain, Gy = Efusion/EpTtotar 18 now known and is 1.2-1.4 for
N130927. For comparison also shown in Table I are results from other data derived models of
implosion energetics?*?’ that are constructed in the same spirit of the above analysis but that differ
in some details. A conduction limited temperature profile in the hotspot is added to the above de-
velopment in one case®® and the other “detailed model” case includes a 3D self-consistent physics
model matched to the data.?” To complement these analytic data driven models, Table I also shows
the results from a full physics radiation-hydrodynamics 1D simulation® of N130927, with a multi-
frequency x-ray drive that is calibrated to shock-timing and implosion trajectory data, without any

mix model applied. The inferences from data and the computer simulation all indicate G'f,,e; > 1

11



— the first time ever achieved in controlled fusion research. Moreover, we have demonstrated re-
peatability and improvement with the follow-on shot N131119. It should be understood however
that G, > 1 while a scientific milestone with the fusion energy out exceeding the energy de-
posited into the fuel is not the same as exceeding the energy absorbed by the capsule (defined as
the ablator shell plus DT fuel) which absorbed ~ 150 kJ for N130927 and N131119 nor the energy
delivered by the laser to the farget (defined as the hohlraum plus capsule) which was 1.8 MJ and

1.9 MJ respectively for N130927 and N131119.

Key yield and energy performance metrics are graphically illustrated in Figure 3 for N131119,
N130927, and all other DT implosions carried out on the NIF since the summer of 2011. Using a
key metric for ignition, the generalized Lawson criteria (GLC) x = (P7)/(PT)gn (Which is unity
)

at ignition)~ we see (Figure 3 inset) that for N131119 we are at the threshold of achieving a yield

doubling due to alpha-particle energy deposition.

Since most ICF quantities that we seek to improve to get closer to ignition scale as some pos-
itive power of stagnation pressure, near term efforts focus upon increasing the implosion speed and
controlling the hot-spot shape with the present fuel adiabat. As the implosion speed is increased
we will necessarily risk the possibility of giving back some of the gains the high-foot implosion
has made in terms of instability control. New strategies for the hohlraum will also be explored
since presently hohlraum physics is limiting our ability to use the full power capability of the NIF
while also maintaining an acceptable hot-spot shape (higher laser powers are the most direct way to

increase implosion speed). Future efforts may involve more elaborate schemes to keep the ablator

12



instability control while recovering a lower adiabat for the fuel (e.g. “adiabat shaping”)* or using

an alternate ablator material as well.

METHODS SUMMARY

Formulea for the hot-spot volume, DT reaction-rate, and a discussion of fuel density profiles are

given in the Full Methods. Neutron image shape coefficients are also given.
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Methods

Hot-spot volume formulea. Using Eq. (2) the volume is Vj,; = 27 [ ORhS(g) R%2dRsin0df =

ST P03+ 2m POP22+ S-m P23 4 2r POP3* 4+ 1 om P2P3% + 5w POPA + £ P22 PA+ 2 m P2 PA* +

%WP32P4 + %WPZL‘Q’ + ---. A simple correction to this volume can be applied (multiply) to

2 2 2
include m-modes (azimuthal modes): 1 + % (%—3) + % (%—g) + % (%) %MAQ;OJSM cosl4d * (g —

¢4)] - - -, where ¢, and ¢, are phase offsets of m-modes 2 and 4 respectively.

DT reaction-rate formulea. From Bosch and Hale?

(ov) = C1¢9¢ exp (=3¢1/%) ©)

16



in cm?/s where

C CoTion + CuT2, + CsT3,
E= i (=1-— o i, (10)
ion 1 + C3E0n + C5ﬂon + 0771'071

and Cy = 6.6610, C; = 6.4341 x 1071, Cy = 1.5136 x 1072, C3 = 7.5189 x 1072, C; =
4.6064 x 1073, C5 = 1.35 x 1072, C5 = —1.0675 x 1074, C7 = 1.366 x 107> when Tj,,, is in keV

units.

DT Fuel Density Profile. Assuming a density profile changes the form of Eq. (6) slightly, but the

numerical value for the fuel thickness little. For example, assuming a top-hat distribution for the

fuel yields 7oy — rps = %\/ (B3mpue)/ (m(pr) fuer) — 31ty — 3rps/2 from which on obtains 74,; —
Tinner = 19.5 - 16.2 um for N130927. The fuel density does show more sensitivity, being prye =
(pr) fuet/ (Tout — Tin) = 457 - 478 g/cc for a top-hat distribution and prue; = (pr) fuer/(V270) =
385 - 402 for a Gaussian. The Gaussian profile assumption is more consistent with simulated fuel
density profiles. The lower fuel density associated with the Gaussian profile assumption increases
the inferred fuel adiabat and decreases the fuel optical depth as compared to the uniform profile
assumption. The lower fuel optical depth makes the x-ray energy contribution to Eq. (8) larger, i.e.

gives us a more conservative contribution to the total DT energy.

Neutron image shape analysis. For N130927 the Legendre mode shape coefficients for the down-
scattered neutron image are PO = 55+4 um, P2/P0 = 1+5%, P4/ PO = —2% and for the direct
image PO = 32 + 4 pm, P2/P0 = —35 £+ 5%, P4/P0 = 2%. For the N131119 down-scattered
neutron image PO = 50 + 4 um, P2/P0 = 0 4+ 5%, P4/P0 = 2% and for the direct image

PO =34 4+ 4 um, P2/P0 = —34 + 5%, PA/P0 = 1%,
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Table 1: Table of measured and derived implosion performance metrics. Lines 1-9 for
columns 2-3 are directly measured quantities, others are derived from the data. Columns

4, 5 and 6 show results from two data driven models and simulation, respectively.

Quantity N131119425 TW  N1309273%0 TW  PP26 . . 00or PT.S.2 yi3000r  SiM.y130027
Yis_15 (neut’s) 5.2 40.097 x 10'® 4.4 +0.11 x 101 - - 7.6 x 105
Tion (keV) DT 5.0+0.2 4.63 +0.31 - - 4.2
Tion (keV) DD 43402 3.77+0.2 - - 3.9

DSR (%) 4.0+0.4 3.85 £ 0.41 - - 4.1

7. (pS) 152.0 + 33.0 161.0 + 33.0 - —~ 137
P0,, PO, (um) 358+1.0,34+4 353+1.1,32+4 - - 32

P2/ PO, —0.344£0.039  —0.143 + 0.044 - - -

P3/P0, 0.015 & 0.027 —0.004 + 0.023 - - -

P4/ Po, —0.009 +£0.039  —0.05 % 0.023 - - -
Yiorar (NEUL.S) 6.1 x 101 5.1 x 10% - - 8.9 x 101

Efusion (kJ) 17.3 14.4 - - 25.1

Trs (M) 36.6 35.5 34.4—423  35.7—36.0 32.2
(pr)ns (g/cm?) 0.12—0.15 0.12—0.18 0.13—0.19  0.1—0.14 0.15

Eps (kJ) 3.9— 4.4 3.5 — 4.2 3.7-55 3.71 — 4.56 4.1

E, (kJ) 2.2-26 2.0 —2.4 2.0 — 2.4 2.0—2.5 2.8
Eptiorar (KJ) 8.5—9.4 10.2 — 12.0 10.0 —13.9  10.92 —11.19 13.4

G ruet 1.8 — 2.0 1.2 —1.4 1.04 — 1.44 1.28 —1.31 1.9
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Figure 1 Indirect Drive ICF target for NIF. A schematic NIF ignition target shows a cut-
away of the gold hohlraum and plastic capsule with representative laser bundles incident
on the inside surface of the hohlraum on the left frame. An x-ray image of the actual cap-
sule for N130927 with DT fuel layer is shown with dimension noted in the upper right and
the x-ray radiation drive temperature vs. time for the NIC low-foot implosion and post-NIC

high-foot implosion is shown on the lower right.

Figure 2 X-ray and neutron images of the hot-spot at bang-time. The left column shows
the hot-spot shape for N130927 from the equatorial (side-on) and polar (top down) view.
The center column shows the hot-spot shape for N131119. 3D reconstructions of the
hot-spot are shown on the bottom of the figure. In the x-ray images, the contour shown in
white is taken at the 17% peak brightness level and is used to obtain a the description of
the shape in Legendre modes (equatorial view) and Fourier modes (polar view). On the
right side, is shown a superposition of direct (13-17 MeV) and down-scatter (6 - 12 MeV)
neutron images from N130927 and N131119. (X-ray image analysis courtesy of N. lzumi,
S. Khan, T. Ma, and A. Pak of the NIF Shape Working Group and neutron image analysis
courtesy of D. Fittinghoff, G. Grim, N. Guler, and F. Merrill of the NIF Neutron Imaging

System Working Group.)

Figure 3 Yield and energetics metrics for shots on the NIF. Total fusion yield is plotted
versus shot number (i.e. time). Shots 110608-130331 are low-foot shots. Shots 130501-
131119 are high-foot shots. The bars showing total yield are broken into components of

21



yield coming from «-particle self-heating and yield coming from compression. The black
dashes denote the energy delivered to the DT (fuel + hot-spot) with error bars (black
vertical lines, formal +1¢ standard deviations) as calculated from the P.P.26 model. The
plot shows that, outside of error bars, shots 130927 and 131119 both yielded more fusion
energy than was delivered to the DT. The insert shows the ratio of self-heating yield
divided by compression yield versus generalized Lawson criteria with error bars (formal

+10 standard deviations) on the yield ratio and GLC.

22



Shot
N130927

Inner Cone v

...........................................................................................................

N130927
3 shock

Il|IlIIITIITlI[

entrance hole /N110914 ¢
4 shock [

(LEH) 100 _ ,,,,,,,,,,,,,,,,,,,,,,, ...................... ...................... ........................ ........... -

) : ; ; :
Laser Quads 00 50 100 150 200

[llllll




N130927 Equatorial View
Kapton Channel

50 100

N130927 Polar View
Kapton Channel

-100  -50 0 50 100
X (Hm)

Reconstructed
shape for N130927

N131119 Equatorial View
Kapton Channel

-100 -50 0 50 100

N131119 Polar View
Kapton Channel

-100 50 0 50 100
X (um)

Reconstructed
shape for N131119

N130927 Equatorial Neutron Image

6-12 MeV neutrons

N131119 Equatorial Neutron Image

6-12 MeV neutrons

-100 -50 0 50 100
X (Um)



6LLLEL

LC60€1

¢c180€1

] Yield from self heating
— Energy delivered to DT fuel

N131119
N130927
N130812

GLC

N130710

02 03 04 05 06 0.7 0.8

N130501

@ High foot
0.1

, (=]

1.5/ @ Low foot

0 <
o o

pPIgIA :o_wwm._QEoo
/PIaIA Buneay-jjog

¢080€1
0LZ0€1L
0€S0€1L
10SOEL
LEE0EL
0260¢C1
8080¢C!
¢c080¢l
0cl0¢l1
91.0¢C1
92¢90¢!1
(444 14¢
LIv0Cl
clv0ocl
S0v0cCl
12E0CI
91€0¢C1
LLEOCE
6120¢Cl
€1ecoclt
G0c0cl
LELOCE
9¢10¢CI
GLCLLL
CLLLLL
€OLLLL
716011
806011
706011
928011
0290L1
S190L1L
8090L1

o
N

o

Shot number



